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A B S T R A C T   

The three-layer surgical mask was recognized by the World Health Organization as an effective-protection tool 
for reducing SARS-CoV-2 transmission during the COVID-19 pandemic; however, the contribution of each layer 
of this mask to the particle size–dependent filtration performance resistance remains unclear. Here, both 
experimental work and numerical simulation were conducted to study the role of each mask layer in particle 
size–dependent filtration and respiratory resistance. By using scanning electron microscopy images of a com
mercial three-layer mask, composed of two spun-bond and one melt-blown nonwoven polypropylene fabric 
layers, four representative models were constructed, in which the computational fluid dynamics of multiphase 
flow were performed. The pressure drop of all models under different flow conditions was measured next. Nu
merical simulation was then verified by comparing the experimental results in the present study and other 
theoretical works. The filtration efficiency of the spun-bond polypropylene nonwoven fabric layer was much 
lower than that of the melt-blown nonwoven polypropylene fabric layer for the particle diameter in the range of 
0.1–2.0 μm. Both the spun-bond and melt-blown nonwoven polypropylene fabric layers demonstrated extremely 
low filtration efficiency for particles was<0.3 μm in diameter, with the maximum filtration efficiency being only 
30%. The present results may facilitate rational design of mask products in terms of layer number and structural 
design.   

1. Introduction 

December 2019 marked the beginning of the COVID-19 pandemic. 
COVID-19 is caused by the novel coronavirus SARS-CoV-2. During the 
pandemic, the World Health Organization (WHO) confirmed that SARS- 
CoV-2 transmission occurs via three main routes: respiratory fluid 
droplets, direct contact, and aerosol [1,2]. The use of face masks or 
respirators has been demonstrated to prevent COVID-19 transmission 
via all aforementioned routes [3]. This has led to the production of 
commercial masks (including surgical masks, N95 masks, and face 
shields) and homemade cloth masks as well as their use for public and 
personal health control measures at the largest scale for the first time in 
human history. Surgical masks, also known as medical masks, are used 
by the general public worldwide, specifically in East Asian countries, 
such as China, Japan, South Korea, and Vietnam [4]. A Duke University 

research team confirmed that surgical masks are the second most 
effective type of mask in protecting against SARS-CoV-2 infection, with 
N95 masks being the most effective [5]. In January 2022, the U.S. 
Centers for Disease Control and Prevention (CDC) conceded that the 
efficacy of surgical masks in preventing SARS-CoV-2 is much greater 
than that of cloth masks. 

The WHO provided a complete description of the ideal surgical mask 
structure on January 5, 2022: it should be composed of three layers of 
synthetic nonwoven materials and configured to have the filtration 
layers sandwiched in the middle [6]. Depending on the thickness of their 
layers, surgical masks vary in levels of fluid resistance and filtration they 
provide. Currently, the most popular type of surgical masks on the 
market comprises three layers: two spun-bond polypropylene nonwoven 
fabric layers (on the inside and outside) and a melt-blown nonwoven 
polypropylene fabric filter layer (in the middle) [7]. The inner and outer 
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layers are designed to absorb and repulse the bodily fluids of the wearer, 
respectively, whereas the filter layer is used to prevent the transmission 
of virus-adsorbed and other aerosol particles. With the widespread use 
of surgical masks and their effectiveness against SARS-CoV-2, many 
relevant studies [8–14] have focused on the total filtration efficiency of 
surgical masks or research and development of filtration material. 

Nazek et al. [15] have improved a nanoporous flexible Si-based 
template on a silicon-on-insulator (SOI) wafer utilizing potassium hy
droxides (KOH) etching, utilizing the template as a hard mask through a 
reactive ion etching process for transferring patterns onto a lightweight 
(<0.12 g) and flexible polymeric membrane. The flexible membrane 
might be utilized on the mask as reusable to boost its filtration efficiency 
against submicron particles, including COVID-19. Furthermore, mask 
reusability contributes toward eliminating the challenges surrounding 
single-use face mask shortages and reducing plastic pollution from 
disposable masks. However, research on the aerosol particle filtration 
mechanism of each layer of three-layer surgical masks is lacking. With 
no information related to filtration efficiency and resistance per layer of 
the currently available mask, the design and development of high- 
performance surgical masks may be difficult. 

In recent decades, computational fluid dynamics (CFD) has been 
widely used to study the filtration performance of masks [16,17]. 
Through extensive research on fibrous media, researchers have greatly 
contributed to the development of filtration theory. When CFD is used 
for numerical simulation, fiber–particle interaction can be simulated 
using a single fiber model [17,18]. Several CFD techniques, including 
the Monte Carlo simulation technique, Lattice–Boltzmann method, and 
ANSYS-Fluent CFD code (CFD-DPM + UDF), have been used to effec
tively study the deposition and particle filtration processes of single fiber 
surfaces [19–21]. However, most of the relevant works have been 
limited by construction of single fiber models only. Recently, several 
studies have reported the construction of three-dimensional (3D) models 
of fibrous media [22,23]. Zhang et al. [22] established three arrange
ment types of fibrous media to investigate the effects of structural pa
rameters on the filtration performance; the authors observed that the 

arrangement type of the fibrous media significantly affected their 
filtration efficiency but not their pressure drop. Several researchers have 
used the CFD-DEM method as well as scanning electron microscopy 
(SEM) images to analyze the influence of different fiber structures and 
particle size on the pressure drop and filtration characteristics of 3D 
models of fibrous media [24–27]. These studies not only predicted the 
filtration performance of fibrous media but also observed the entire 
filtration process. Some researchers have also studied the filtration 
performance of fibrous media by using a numerical simulation method 
and a physical model structure. Gervais et al. [28] adopted image pro
cessing technology to establish 3D models of a fibrous medium and then 
simulated the filtration properties of fibrous media by using GeoDict. 
Moreover, Cao et al. [23] used the Voronoi algorithm to reconstruct the 
3D modeling of a fibrous medium and then systematically conducted 
numerical simulations with flow characteristics. The results of the 
aforementioned studies aided in verifying the pressure drop and filtra
tion efficiency of fibrous media under different fiber diameters, volume 
fractions, thicknesses, and velocities. Although WHO-certified surgical 
masks have a three-layer structure, studies on the contribution of each 
layer structure to the overall filtration capacity and air resistance, 
particularly using numerical simulations, are lacking. Therefore, the 
aforementioned research gap by constructing and using a 3D multiphase 
flow model was filled in the present study. 

Aerosol particles can be filtered by mask fibers through four main 
mechanisms: interception, inertial impaction, Brownian diffusion, and 
gravitational settling [29]. Aerosol particle density plays a crucial role in 
all the four mechanisms [29,30]. Particulate matter density also de
termines the mixing, transport effects, and deposition of complex and 
dynamic atmospheric aerosols in the air and in the human respiratory 
system [31]. On the basis of a large number of measurement data, Rissler 
et al. [32] and Yin et al. [33] concluded that aerosol particle density in 
air varies with particle size. Therefore, the effects of aerosol particle 
density on filtration were studied in the present study. 

Surgical masks operate on various filtration mechanisms to fulfil the 
requirements, which include direct interception, diffusion, inertial 

Fig. 1. Surgical mask, from Zhende Medical, used for modeling.  
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impaction, and electrostatic interaction [34]. In areas with high hu
midity, under ultraviolet light towers, even large fumigants can elimi
nate static electricity in surgical masks. Based on this, the main objective 
of the current study was to experimentally and numerically reveal the 
particle size–dependent filtration mechanism (direct interception, 
diffusion and inertial impaction) of each layer of a three-layer surgical 
mask. Our comparative study may aid in quantifying the contribution of 
each layer to the filtration efficiency and respiratory resistance of a 
surgical mask. The remainder of this article is structured as follows: 
Section 2 describes models and mathematical theories related to the 
multiphase flow calculation used in this work. Section 3 mainly de
scribes the experimental processes related to aerosol filtration efficiency 
and respiratory resistance measurements. In Section 4, the results of the 
comparative studies based on experimental measurements and numer
ical simulations are stated and discussed. 

The representative 3D fiber models of two SEM-based morphology of 
surgical masks were established including fiber diameter, filter material 
thickness, and solid volume fraction (SVF): Model I, a mask composed of 
only two spun-bond polypropylene nonwoven fabric layers (without a 
filter layer), and Model II, a full mask model composed of two spun-bond 
polypropylene nonwoven fabric layers and one melt-blown nonwoven 
polypropylene fabric (with a filter layer). Model III with one layer of 
spun-bond polypropylene nonwoven fabric, and Model IV with one layer 
of melt-blown nonwoven polypropylene fabric were also established. It 
should be pointed out that in the experiment of this article, the mask has 
been in a dry state. Therefore, in the establishment of the mathematical 
model, the influence of the humidity of the mask on the filtration 
problem is not considered. 

2. Mathematical models 

2.1. 3D modeling of fibrous media 

The 3D micro scale surgical mask models were constructed as fol
lows: (1) Filed Emission Scanning Electron Microscopy (SEM, Zeiss 
Gemini 300) was conducted to obtain the microstructure and distribu
tion of the inner and outer layers (spun-bond polypropylene nonwoven 

fabrics) and middle layer (melt-blown nonwoven polypropylene fabric) 
of a surgical mask complying with People’s Republic of China Phar
maceutical Industry Standard YY 0469–2011 (Fig. 1). (2) Fiber size as 
well as the thickness and SVF of the fibrous medium were measured. (3) 
According to the extracted structural parameters, the 3D models of 
fibrous media with a stochastic algorithm were established. 

Only surgical masks from Zhende Medical, complying with People’s 
Republic of China Pharmaceutical Industry Standard YY 0469–2011, 
were selected as research objects. Fig. 1 illustrates SEM images of the 
surfaces of the two types of fibrous media of the surgical mask. In both 
the media, fiber arrangement was irregular, and the shape and size of 
pores formed by the interlaced fibers were nonuniform. The fiber 
diameter of spun-bond polypropylene nonwoven fabric (Fig. 1(c) and 1 
(e)) was approximately 20 μm. The fiber diameter of melt-blown 
nonwoven polypropylene fabric (Fig. 2(d)) varied greatly; it was 
approximately 2, 5, and 13 μm in 58%, 32%, and 10% of the cases, 
respectively. Correspondingly, the statistical mean of fiber diameter is 
3.06 μm. The thickness of spun-bond polypropylene nonwoven fabric 
and melt-blown nonwoven polypropylene fabric was approximately 240 
and 170 μm, respectively (Fig. 1(f)、1(g) and 1(h)). The physical 
characteristics of the spun-bond and melt-blown nonwoven poly
propylene fabrics are summarized in Table 1; their SVF was 11.23% and 
41.53%, respectively. 

As shown in Fig. 1, the fiber arrangement demonstrated a random 
distribution; thus, the fiber models were established using the random 

Fig. 2. Structure and boundary conditions of Models (a) I and (b) II.  

Table 1 
Physical properties of different filter media.  

Filter material Gram 
weight (g 
cm− 2) 

Thickness 
(μm) 

Fiber diameter 
(μm) 

SVF 
(%) 

Spun-bond 
polypropylene 
nonwoven fabric 

23 240 20  11.23 

Melt-blown nonwoven 
polypropylene fabric 

25 170 3.06 (2(58%)/5 
(32%)/13 
(10%))  

41.53  
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method. SolidWorks 2017 was used to establish cuboid computing 
domain and randomly generate two endpoints on four opposite surfaces 
of the cuboid area. According to the random endpoints, a cylinder was 
generated; here, cylinders represent fibers. The fibers, which did not 
cross each other, were then combined with the cuboid. Our 3D micro
scopic models of the fibrous media was finally established by deleting 
the fibers outside the cuboid area. Assumption was made that none of 
the fibers were bent. Next, two models were established according to the 
physical characteristics of Table 1: Model I, composed of the inner and 
outer spun-bond polypropylene nonwoven fabric layers, and Model II, a 
three-layer fiber model of the surgical mask. Here, Model I was used as a 
validation model for performing a comparative study and considered 
Model II as the real model of the commercial surgical mask. The 
established fibrous media were imported into Ansys-Space Clime to 
calibrate their SVF, as shown in Fig. 2. 

2.2. Mathematical theory 

2.2.1. Gas phase model 
The Euler–Lagrangian method was previously used to investigate the 

flow of gas and solid phases in the fibrous media of a surgical mask [35]. 
In CFD calculations, gas is considered a continuous phase, and the finite 
volume method implemented in Fluent is used to solve the flow field 
through continuity equation of local mean variable and momentum 
conservation (N-S) equation [26,35]: 

∂
∂t
(ερ)+∇⋅(ερu) = 0 (1)  

∂
∂t
(ερu)+∇⋅(ερuu) = − ε∇p+∇⋅(ετ)+ ρεg+F (2)  

where F represents the interaction force between the particle and the 
fluid: 

F =
∑n

1

fd,i

ΔV
(3)  

where fd,i is the resistance exerted on the particle i, ΔV is the volume of 
the computing unit, n is the number of particles in the computing unit. 

The gas-phase stress tensor in CFD can be represented by τ: 

τ = εμ(∇u+∇uT −
2
3
∇⋅uI) (4)  

where ε is the volume fraction of the gas phase, ρ is the density of the gas 
phase, u is the velocity vector of the gas phase, p is the pressure of the gas 
phase, g is the gravitational acceleration constant, μ is the viscosity of 
the fluid, and I is a unit tensor. 

A fluid may demonstrate laminar or turbulent flow. Whether the flow 
is laminar or turbulent depends on whether its Reynolds number (Re) 
exceeds the critical Reynolds number. Re is defined as follows: 

Re =
ρuL

μ (5)  

where ρ is the density of the fluid, u is the flow velocity of the fluid, L is 
the characteristic length, and μ is the dynamic viscosity of the fluid. 

In the present study, the fiber diameter was small, with a gas velocity 
of 0.064–0.272 m s− 1; therefore, the calculated Re was much lower than 
1. Therefore, gas flow through the fibrous media of a surgical mask is 
laminar. 

2.2.2. Solid phase model 
The particle–fiber and particle–particle interactions during filtration 

can be solved according to the equations for Newton’s second law 
translation and rotation [26]: 

mp,i
dup,i

dt
= mp,ig+ ff ,i + fc,i (6)  

Ip,i
dωp,i

dt
=

∑
Ti (7)  

where mp,i is the mass of the particle i, up,i is the translation vector of the 
particle I, ωp,i is the angular velocity vector of the particle i, ff ,i is the 
applied particle i, fc,i is the collision force between particles, Ip,i is the 
moment of inertia of the particle i, and 

∑
Ti is the vector sum of the 

collision moment. 
In the computational domain, when particles collide with particles or 

fibers, the collision and capture of particles can be judged according to 
the position and velocity of the particles. If the distance between the 
particle and fiber surface is less than the radius of the particle, then the 
particle and the fiber will collide. If the velocity of the particle changes 
to zero, then the particle will be captured by the fiber and deposits will 
form on the fiber surface [36].The particle velocity and position in the 
simulation domain can be obtained by integrating the balance of forces 
acting on the particle through Lagrangian tracking [27]. 

Fig. 3. Computational grids in Models (a) I and (b) II.  
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dVp

dt
=

18μ
d2

pρpCc
(V − Vp) (8)  

where Vp is the velocity of the particle p, Cc is the Cunningham 
correction factor, μ is the fluid viscosity, and ρp is the density of the 
particle p [37]. 

For submicron particles, Saffman’s lift force (Fsi) and Brownian force 
(Fbi) should be considered [38,39]. The expressions of Fsi and Fbi are as 
follows: 

Fsi =
2Kv1

2ρdij

ρpdp(dlkdkl)
1
4
(u − up) (9)  

Fbi = ζi

̅̅̅̅̅̅̅
πSo

Δt

√

(10)  

So =
Sn,ij

δij
=

216vσT
π2ρd5

p(
ρp
ρ )Cc

(11)  

where K = 2.594, dij is the deformation tensor, Sn,ij is the spectral in
tensity, δij is the Kronecker function, v is the kinematic viscosity, σ is the 
Boltzmann constant, ζi is a Gaussian random number, and Δt is the time 
in the numerical simulation step. 

2.3. Numerical simulation 

As shown in Fig. 1, the fiber arrangement in the mask was random; 
therefore, generating hexahedral meshes for numerical simulation 
became difficult to achieve. Thus, polyhedral meshes were divided in 
the two fiber models, as shown in Fig. 3. Before drawing any conclusions 
from the numerical results, we should ensure that the numerical results 
are not mesh dependent. In order to verify the independence of nu
merical results from the number of grids, the relationship between the 
pressure drop of the two fiber models and the max grid size at the fiber is 
shown in Fig. 4. It can be seen that with the decrease of max grid size of 
the fiber, the pressure drop gradually increases and finally stabilizes. 

The Model I grid is displayed in Fig. 3(a). Here, the maximum mesh 
length was 9.375e-6 m, the minimum volume mesh size was 5.8594e-7 

m, and the total number of mesh units was 371,620. The Model II grid is 
presented in Fig. 3(b). Here, the maximum mesh size was 6.6406e-6 m, 
the minimum volume mesh size was 8.3007e-7 m, and the total number 
of mesh units was 3,647,944. 

The computational domain and boundary conditions of the numer
ical simulation of Models I and II are presented in Fig. 2(a) and 2(b), 
respectively. For the continuous phase, the flow entered the computa
tional domain through the left velocity inlet and left the computational 

domain through the right pressure outlet. When the initial inlet velocity 
is given, the velocity in the fluid is 0. The remaining four faces of the 
computational domain were set as symmetrical boundary conditions, 
and the boundary conditions of the filaments in the fluid domain were 
set as the wall boundaries. It is worth noting that the fibrous media in the 
simulation area is taken from the overall fibrous filter, and there is no 
significant lateral airflow. Hence, the treatment of the computational 
sides with symmetry boundary does not affect the simulation results 
[23]. In the inner and outer layers of Models I and II, the distance be
tween the outlet and front of the fibrous media and the distance between 
the outlet and end of the fibrous media were both 100 μm. The 
computational domains of Models I and II were 100 μm × 100 μm × 680 
μm and 100 μm × 100 μm × 850 μm, respectively. After the boundary 
conditions were set, the flow field could be calculated. When the re
sidual convergent errors of the continuity equation and the momentum 
equation in all directions were less than and the average velocity fluc
tuation at the outlet was < 5%, the flow field tended to be in a stable 
state. After flow field calculations were completed, we injected nine sets 
of particles varying in size continuously from the entrance. For each 
computational case, the number of particles released from the inlet 
boundary was 1000, and the calculations were performed three times. 
The average of these three calculations was considered the final result. 
The boundary condition of the fiber was set to trap, whereas that of the 
outlet was set to escape. The residuals at each time step were required to 
be below the convergence residual criterion for transient computations 
during the simulation [40]. For the universality of the research, we 
selected the particle system in the range of 0.1–2 μm for research. Here it 
is necessary to point out that our numerical model is equally valid for 
particle systems smaller than 0.1 μm. 

In the present study, the computational time step was specified by 
evaluating the interception efficiency of particles. The interception ef
ficiency of particles was calculated from the changes in particle number 
at the outlet and inlet: 

η =
Nin − Nout

Nin
× 100% (12)  

where Nin represents the number of particles at the inlet and Nout rep
resents the number of particles at the outlet. In the present study, the 
particles were sprayed from the inlet; thereafter, some particles flowing 
through the fibers became trapped, whereas the uncaptured particles 
escaped from the outlet. The filtration efficiency of the particles was 
calculated on the basis of the numbers of injected Nin and escaped par
ticles Nout . 

As shown in Fig. 5, the effects of the time step on filtration efficiency 

Fig. 4. The effect of max grid size at the fiber on pressure drop.  
Fig. 5. Effects of time step on filtration efficiency in numerical simulation 
(Model I). 
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during the numerical simulation was compared. For instance, in Model I, 
when the time step was lower than 1.0E-4, filtration efficiency tended to 
be stable. Hence, 1.0E-5 was selected as the time step in the simulation 
for reliability. 

3. Experimental section 

3.1. SEM observation 

The SEM images of spun-bond and melt-blown nonwoven poly
propylene fabrics in our surgical mask as well as their cross-section 
morphology are presented in Fig. 1. Each fibrous medium was cut to 
an appropriate size by using a blade and held onto the sample table by 
using a conductive carbon glue. To improve the electrical conductivity 
of the fibrous media, the Em Ace200 (Leica) gold-plating equipment was 
used to spray gold for 45 s on their surfaces; moreover, the test voltage 
was set at 2 kV. 

3.2. Experimental platform 

The experimental platform (Fig. 6) was set up according to ASTM 
F2100-2018/DIN EN 14683, which was used to measure the total 
filtration efficiency and pressure drop of the filter media. A schematic of 
the experimental setup for the detection of fiber materials’ filtration 
efficiency is presented in Fig. 6(c). Here, total filtration efficiency was 
measured using a respirator particle filtration efficiency and airflow 
resistance tester (ZR-1006; Qingdao Zhongrui, China), an aerosol sta
bilizer, and a salt aerosol generator. A 1.5% NaCl solution was atomized 
using a collision nozzle to generate particles in the range of 0.02–2 μm in 
diameter. Pressure drop was determined using a resistance tester (ZR- 
1201; Qingdao Zhongrui). 

3.3. Experimental process 

In accordance with DIN EN 14683 and YY 0469–2011, 100 cm2 was 
used as the test area to assess surgical mask filtration efficiency at 0.064 
m s− 1. The filtration efficiency and pressure drop in Models IV (i.e., 
melt-blown nonwoven polypropylene fabric in the middle layer), I, and 
II were measured using velocity of 0.064, 0.127, 0.191, and 0.255 m s− 1. 
Multiple filter media from the same production batches were selected as 
experimental samples to reduce the possibility of errors. The filtration 
efficiency of the filter media was calculated using Eq. (12). 

The breathing resistance of the filter media was calculated on the 
basis of the pressure upstream and downstream of the filter media, 4.9 
cm2 was used as the test area to assess surgical mask filtration efficiency 
at 8L min− 1 (DIN EN 14683/YY 0469-2011): The value of the pressure 
difference per square centimetre of area is shown in Eq. (13): 

ΔP =
PM

4.9
(13)  

where PM is the average value of the test sample pressure difference. 

4. Results and discussion 

4.1. Verification of numerical simulation by evaluating respiratory 
resistance 

The numerical simulation results were verified for respiratory 
resistance of the surgical mask layers by comparing them with those of 
other works. Resistance is the pressure difference between inlet and 
outlet of a filter; it is a crucial parameter reflect filter performance. The 
linear fitting between filtration velocity and pressure drop of Models I 
and II is displayed in Fig. 7(a) and 7(b), respectively. The correlation 
between pressure drop and velocity was found to be positive [41,42]. 

According to Darcy’s law, the resistance of fibrous media is generally 
expressed as a function of dimensionless resistance [43]: 

Fig. 6. Experimental platforms: (a) filtration efficiency bench, (b) pressure drop test bench and (c) schematic of filtration efficiency test bench.  
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ΔP =
Vιh
d2

f
f (α) (14)  

where ι is the dynamic viscosity of fluid, h is the thickness of filter 
material, df is fiber diameter, and f(α) is the dimensionless resistance, 
which is only a function of the filling density α. 

Happel [44] and Kuwabara [45] hypothesized that the shear stress 
on the fiber surface was 0and provided the following dimensionless 
resistance expression: 

f (α) = 16α
− 0.5lnα − 0.5 1− α2

1+α2

(15)  

f (α) = 16α
− 0.5lnα + α − 3

4 −
α2

4

(16) 

Davies [46] and Rao [47] studied the pressure drop of the fibrous 
media through experimentation and numerical simulation, respectively. 
The dimensionless pressure drop based on their work can be expressed 
as [23] 

f (α) = 64α3
2
(
1 + 56α3) (17)  

f (α) = 2.653α+ 39.34α2 + 144.5α3 (18) 

The numerical results for resistance in Model I, based on the CFD 
calculations in Section 2.2 and values from previous studies at different 
velocities, are presented in Fig. 7(c). The pressure drop calculated based 
on the present numerical simulation was in good agreement with the 
pressure drop calculated using the Davies experimental correlation 
formula, and the maximum error was < 2%. The prediction effect of 
Happel unit model is close to the Davies experimental correlation 

formula, the prediction value of Kuwabara unit model is much higher 
than the experimental value, and the prediction value of Rao unit model 
is much lower than the experimental value [44–47]. Therefore, from the 
above comparison results, it can be seen that the numerical calculation 
model in this paper can be used to predict the pressure loss of fiber filter 
media. 

The pressure drops in Models III, IV, and II were measured using the 
resistance tester ZR-1201. As shown in Fig. 8, the pressure drop noted in 
the CFD calculations was used for a comparative study. The numerical 
simulation results were close to the experimental results in all the three 

Fig. 7. Fitting line of filtration velocity and pressure drop under Models (a)I and (b) II and comparison between numerical and empirical fibrous medium resistance 
at different velocities in Model I of (c). 

Fig. 8. Comparison of simulated and measured pressure drop in three cases at a 
flow rate of 8L min− 1 in Models (a) III, (b) IV, and (c) II. 
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models. In the experimental results, the pressure drop in Model III (4.4 
Pa) was much lower than that in Model IV (148.7 Pa). The difference 
between the pressure drop in Models III and IV was > 97%. Model IV 
demonstrated a slightly lower pressure drop than did Model II, with a 
difference of only approximately 10%. These results indicated that the 
main respiratory resistance of the surgical mask originated from the 
middle melt-blown fabric layer, which contributed to > 90% resistance. 
As shown in Fig. 8, the measured pressure drop in Models IV and II was 
148.7 and 164.15 Pa, respectively—consistent with the measured data 
of Podgórski et al. and Hassan et al. [48,49], where the pressure drop of 
melt-blown fabrics was 173 and 270 Pa, respectively. 

4.2. Internal flow field distribution 

In the process of filtration by fibrous media, the fundamental factor 
affecting resistance is fluid flow between pores. This feature was well- 
reflected in our fibrous medium models. The internal flow fields with 
different filtration velocities (0.127, 0.191, and 0.255 m s− 1) in Models I 
and II are presented in Figs. 9 and 10, respectively. For a better pre
sentation of the results, dimensionless pressure and speed are applied to 
use the full range of colour bars (P/P_{max} and V/V_{max})). 

Wherein, the pressure drop of Model I and Model II at 0.255 m s− 1 

was selected as P_{max} of Model I (14.98 Pa) and Model II (200.04 Pa), 
respectively, and the maximum inlet velocity of 0.255 m s− 1 was 

Fig. 9. Internal flow field in Model I at different velocities.  

Fig. 10. Internal flow field in Model II at different velocities.  
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selected as V_{max} of Model I and Model II. Based on the pressure 
distribution, shown in Fig. 9(a) and 10(a), different inflow velocities led 
to a significant alteration in flow field and pressure differences. The 
number of vortices and velocity gradient near the fiber increased with an 
increase in velocity, as presented in the velocity contours of axially 

symmetric sections in Fig. 9(b) and 10(b). At the same velocity, the 
pressure and velocity gradients and eddy current numbers were signif
icantly higher in Model II than in Model I. This is because Model II had 
the middle melt-blown nonwoven polypropylene fabric filter layer in the 
surgical mask, and the SVF of this fabric is relatively high; consequently, 

Fig. 11. Filtration process and movement track of particles in Models (a) I and (b) II.  

Fig. 12. Filtration efficiency at different velocities in Models: (a) numerical simulation of Model I, (b) numerical simulation of Model II, (c) experiment.  
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the SVF of the entire mask in Model I was relatively high. This phe
nomenon was also observed in the Voronoi-based microstructure model 
[23]. 

4.3. Filtration efficiency 

In the computational domains of two fibrous media, nine particle 
types in terms of particle diameters—namely 0.1, 0.3, 0.5, 0.8, 1.0, 1.3, 
1.5, 1.8, and 2 μm—were injected into flow from inlet at 0.225 m s− 1. 
During the filtration process of the fibrous media, on coming in contact 
with the fibers, the particles became stuck to the fibers to form dendrites 
on the fiber surfaces. The following particles were also observed to be 
captured and deposited to form dendrites. As particle deposition 
increased, the formed dendrites collapsed; this was followed by 
rebuilding of the dendrites. Model I (Fig. 11(a)) demonstrated low 
filtration efficiency and inability to effectively intercept almost submi
cron particles. However, in Model II (Fig. 11(b)), large micron-sized 
particles were effectively intercepted, and some submicron particles 
escaped through the outlet by bypassing the fibers. Because of the 
relatively large fiber spacing in Model I, the large-sized particles could 
bypass the fibers and escape through the outlet, indicating that the 
nonwoven fabric could not intercept the particles effectively and only 
absorbed human body fluids. Many particles were captured by the 
middle filter layer, and only a few particles passed through this layer and 
escaped through the outlet [40]. 

Fig. 12(a) and 12(b) present the overall statistical relationship 
filtration efficiency with particle diameter under different velocities in 
the simulated Models I and II, respectively. Model I demonstrated a 
considerably lower filtration efficiency than did Model II in the particle 
size range of 0.1–2.0 μm. Model I could not capture submicron particles 
(≤1.0 μm in diameter) effectively. In most cases, Model I intercepted <
5% of the aerosol particles. For relatively large particles with a diameter 
of 2.0 μm, only Model I demonstrated the maximum filtration efficiency 
(~50%) at maximum inflow velocity (0.191 m s− 1); however, under the 
same inflow velocity and particle diameter, Model II demonstrated the 
maximum filtration efficiency (~100%).This is because compared with 
Model I, the added intermediate layer filter in Model II increased the 
thickness of the fibrous media and the SVF of the surgical mask, which 
greatly reduced the escape rate of particles. As shown in Fig. 12(b), 
Model II achieved the lowest filtration efficiency (~15%) for particles 
with diameters of approximately 0.3 μm. This finding is consistent with 
that reported previously [50–52]: the most-penetrating particle size of a 
traditional filter was observed to be approximately 0.3 μm. Thus, exis
tence of both the non-woven fabric layers for mechanical filtration and 
insertion of melt-blown fabric layer(s) in the face masks were found to 
be highly critical to prevent the airborne pathogen transmission [53,54]. 

Podgórski et al. observed that the filtration efficiency was the lowest for 
particles 10–500 nm in diameter [49]. This is because the main mech
anism underlying the filtration of particles > 1 μm in diameter is inertial 
impaction, whereas the mechanisms underlying the filtration of parti
cles < 0.3 μm in diameter are electrostatic force and Brownian diffusion. 

As shown in Fig. 12(a) and 12(b), for particles > 1.0 μm in diameter, 
an increase in particle size led to increases in filtration efficiency. For 
particles < 0.3 μm in diameter, filtration efficiency decreased as the 
particle size increased. Filtration efficiency curves as a function of par
ticle size, shown in Fig. 12(b), demonstrated a U-shaped distribution. 
Yue et al. [26] and Cao et al. [23] demonstrated similar results for the 
filtration process through fibrous media. The U-shaped distribution 
Fig. 12(a) is as not clear as that in Fig. 12(b). In Fig. 12(a), filtration 
efficiency remained constant initially; then, it gradually increased with 
increases in particle size. Moreover, based on the results in Fig. 12, for 
particles with a diameter of 2.0 μm, Model II demonstrated filtration 
efficiencies of approximately ≤ 2%, ≤ 18%, and ≤ 50% at velocities of 
0.064, 0.127, and 0.191 m s− 1, respectively. 

The comparison of the filtration efficiency between the numerical 
simulation and the experiment for the two fabric models was shown in 
Fig. 12(c). The trend of the numerical simulation value was basically 
consistent with the experimental test value. The data results were in 
good agreement with the deviation within 20% in Model I, which 
verified the feasibility of the numerical method. The velocity in the 
surgical mask model was positively correlated with the filtration effi
ciency, while the velocity in the experimental results was negatively 
correlated with the filtration efficiency. Besides, the numerical simula
tion value was slightly higher than the experimental value. The large 
deviation maybe has two reasons: Firstly, the surface of fiber media is 
not ideal smooth in the real state, and the fiber structure of melt-blown 
fabric in surgical masks are complicated, which affects the accuracy of 
SVF calculation. Secondly, when calculating the total filtration effi
ciency of numerical simulation, only nine different particle sizes was 
considered, which was not totally consistent with the fractional particle 
sizes in the experiment. Despite it is different between numerical 
simulation and experiment, our microscopic model will help predict the 
fractional filtration efficiency of masks, also be used to establish porous 
media model and broaden the way to study the filtration performance of 
fiber media [55]. 

Particle density, a physical quantity directly related to particle 
inertia, affects the particle inertia impaction mechanism. In the present 
study, the particle density was set at 1000, 1500, or 2000 kg m− 3. The 
filtration efficiency noted from simulation under different particle 
densities is displayed in Fig. 13. As shown in Fig. 13(a), the filtration 
efficiency for larger particles (>1.0 μm in diameter) increased consid
erably with an increase in particle density, whereas that for smaller 

Fig. 13. Size-dependent filtration efficiency with different particle densities in Models (a) I and (b) II.  
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particles (<1.0 μm in diameter) did not demonstrate any such rela
tionship. As shown in Fig. 13(b), the filtration efficiency for particles >
0.3 μm in diameter increased considerably with an increase in particle 
density. Therefore, particle density affected filtration efficiency only in 
the case of larger particles, this phenomenon is consistent with the 
research conclusion of Ying Sheng et al.[10]. When the particle density 
was high, the probability of inertial collisions of particle–particle or 
particle-fiber was high that was conducive for particles captured. In 
particular, the difference was more obvious in Model II than in Model I. 

4.4. Quality factor 

The quality of filtration media is typically characterized by the 
quality factor, which is termed Alpha in the industry and is calculated by 
Eq. (19) [56,57]: 

QF = −
ln(1 − η)

ΔP
(19)  

where QF is the quality factor, η is the filtration efficiency. 
As shown in Fig. 14, with an increase of velocity, the quality factors 

of the two fiber models showed different characteristics. For the inner 
and outer layer non-woven fabric model, when the filtration speed 
was>0.127 m s− 1, the quality factor increased with the increase of the 
speed. For surgical mask model, when the filtration rate was in the range 
of 0.064 ~ 0.225 m s− 1, the quality factor with higher speed was higher. 
Human breathing, talking and coughing all spread viruses with particles 
into the air and wearing a mask can effectively intercept exhaled aero
sols. The research of Soon-Park Kwon et al. [58] indicated that the 
average initial coughing velocity was 15.3 m s− 1 for the males and 10.6 
m s− 1 for the females and the flow rate in the steady breathing state is 
much lower than in coughing, which indicating better filtration per
formance at high flow rates such as coughing. In addition, the quality 
factor of surgical mask model was much higher than that of inner and 
outer layers of non-woven fabric model. The calculation of QF can lead 
to a comprehensive and distinct understanding of fibrous structure and 
filtration properties [57,59]. 

5. Conclusion 

Three-layer surgical masks have become one of the important means 
for people to protect against SARS-CoV-2 virus infection. However, very 
little research on the filtering mechanism of three-layer surgical masks 

Fig. 14. Quality factor variation with the filtration velocity.  

Fig. A1. Linear pressure drop distribution for each layer of fiber medium in Model II: (a) inner layer, (b) middle layer, (c) outer layer.  

Z. Han et al.                                                                                                                                                                                                                                     



Separation and Purification Technology 314 (2023) 123574

12

for aerosols carrying the COVID-19 virus was conducted. This affects the 
further design of the mask. Based on this existing problem, both 
experiment and numerical simulation were comparatively conducted to 
reveal how three-layer surgical masks prevent SARS-CoV-2 trans
mission. Here, a SEM technique was conducted to obtain the micro
structure and distribution of spun-bond polypropylene nonwoven 
fabrics layers and melt-blown nonwoven polypropylene fabric layer of a 
commercial surgical mask currently in widespread use; on this basis, 3D 
computational models were built for performing CFD calculation. The 
numerical simulation was verified by comparing the experimental re
sults in the present study and other researchers’ theoretical works. 

In the inner and outer layers of surgical mask, the fiber diameter of 
spun-bond polypropylene nonwoven fabric is measured to be approxi
mately 20 μm; whereas in the middle layer, the fiber diameter of melt- 
blown nonwoven polypropylene fabric is statistically 3.06 μm. The 
solid volume fraction of spun-bond polypropylene nonwoven fabric and 
melt-blown nonwoven polypropylene fabric are 11.23% and 41.53%, 
respectively. The measurement shows middle layer contributes more 
than 90% of the respiratory resistance, but it plays a major role in par
ticle filtration, the highest filtration contribution rate can reach 95%. It 
was found for particles>1.0 μm in diameter, an increase in particle size 
leads to increase in filtration efficiency; whereas for particles < 0.3 μm 
in diameter, filtration efficiency decreased as the particle size increased. 
In the size regime less than 0.3 μm, the three-layer surgical mask has 
extremely low filtration efficiency, with the maximum filtration effi
ciency being only 30%. It was also found the filtration efficiency for 
larger particles (>1.0 μm in diameter) increased considerably with an 
increase in particle density, whereas that for smaller particles (<1.0 μm 
in diameter) did not demonstrate any such relationship. The numerical 
simulation shows three-layer surgical mask achieves the lowest filtration 
efficiency (~15%) for particles with diameters of approximately 0.3 μm, 
which is consistent with other researchers’ findings. 
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Appendix A 

Each layer of fiber medium in Model II is divided at equal intervals, 
and the pressure drop of fiber medium at equal intervals is measured. As 
shown in Appendix Fig. A1, the pressure drop of each layer of fiber 
medium presents a linear distribution. 

In order to test the durability of surgical masks, a clean surgical mask 
was placed on the filtration efficiency test bench (Fig. 6a) and subjected 

Fig. A2. Durability test of Model II (flow rate = 30L min− 1).  
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to airflow loading of different duration. The test results are shown in 
Appendix Fig. A2. It can be seen that with the increase of time, the 
filtration efficiency and pressure drop of fiber filter material increases 
significantly, and the quality factor decreases gradually. This is because 
more aerosols are attached to the surface of the fiber, blocking part of 
the pores of the fiber medium, causing a large pressure difference and 
reducing the quality factor of the fiber medium. Therefore, we recom
mend that surgical masks be disposable. 
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